AIm: Fast direct decompression surgery for treatment of severe head injury often results in intraoperative and postoperative complications. Controlled decompression may help prevent these complications. This preliminary study aims to compare the effects of controlled and conventional decompression in patients with severe head injury. mATeRIAL and meTHods: A total of 128 patients with severe head injury were included. Patients were allocated to receive either controlled decompression surgery (n = 64) or conventional decompressive craniectomy (n = 64). Controlled decompression comprised controlled ventricular drainage and controlled hematoma evacuation. The occurrence of delayed hematoma, acute brain swelling, and postoperative cerebral infarction were recorded.
InTRoduCTIon
Diffuse brain swelling, intraoperative acute encephalocele, and postoperative cerebral infarction are the most important factors that affect prognosis in patients with severe head injury who require surgery to relieve increased intracranial pressure (ICP) (3) . Indeed, there is evidence to suggest that the associated rates of mortality and severe disability in these patients are between 50% and 70% (16, 17) . Hence optimizing surgical techniques to alleviate increased ICP and prevent intraoperative acute encephalocele and postoperative cerebral infarction remains a key issue and a critical challenge in neurosurgery.
Decompressive craniectomy is a common means of rapidly reducing ICP in patients with severe head injuries (14) . injury (eg, brainstem hemorrhage); (3) Small intracranial hematoma volume; or (4) A history of severe heart and lung disease.
This study was approved by the Institutional Review Board of 101 Hospital of the Chinese People's Liberation Army.
Study Design
Consecutive patients with severe head injury were sequentially assigned to receive controlled decompression or conventional decompression ie, the first patient received controlled decompression, the second patient received conventional decompression, the third patient received controlled decompression, and so on. Each group had its own team of physicians comprising one chief physician, two attending physicians, and four resident physicians. Both teams of physicians possessed similar levels of training and experience. Hence, this study comprised a controlled decompression group and a conventional decompression / craniectomy group.
Operative Procedure
Perioperative procedures were identical for patients in both groups. In addition to routine preoperative preparation, head computed tomography (CT) and head CT angiography examinations were performed on patients whose preoperative conditions allowed these examinations in order to assess changes in cerebral blood vessels and blood flow after trauma. In addition, Codman ICP Express (ICP) monitoring was routinely performed. The duration of preoperative preparation was minimized.
Controlled Decompression
Before conventional craniotomy and fenestration, a hole was drilled on the line marked for surgical incision. A small incision, of sufficient size to allow insertion of an ICP probe, was then made at the edge of the fenestration of the dura. The ICP probe was inserted and an initial measurement obtained. If the initial ICP was > 40 mmHg (without significant hematoma or evidence of cerebral contusion), a ventricular probe was inserted to gradually release CSF and lower the ICP to < 40 mmHg. Care was taken to maintain the integrity of the dura before removal of the skull and formation of the bone window. The position of the initial dural incision was selected according to the position and characteristics of the hematoma. For contrecoup injury-related cerebral contusions at the base of the frontal and temporal lobes and subdural hematomas, the dura was incised at the base of the frontal or temporal lobe, parallel to the edge of the fenestration. For other locations, the dura was incised where the hematoma was thickest (in most cases, the origin of bleeding). The dural incision was made in a manner to prevent venous injury. The size of the dural incision was generally no greater than 5 mm, which was often the size of the diameter of the aspirator head. After the dural incision was made, the aspirator head was placed into the incision, the hematoma was partially aspirated, the contused tissue was slowly aspirated, and ICP was gradually Although this approach has been reported to effectively reduce ICP and improve prognoses in some studies (1, 2, 7, 8) , the findings from a recent multinational randomized trial indicate that decompressive craniectomy may be associated with worse outcomes, as indicated by 6-month extended Glasgow Outcome Scale (GOS) scores, compared with standard care in patients with severe head injury (2) . The authors of the report suggested that neural injury and alterations in cerebral blood flow and metabolism may have contributed to the worse outcome with decompressive craniectomy (2) . We suggest that the rapid release of ICP with this surgical approach may result in ischemia-reperfusion injury and further bleeding. Regardless of the underlying mechanisms, alternative approaches for relieving ICP in patients with severe head injury appear to be needed.
Controlled decompression is a form of craniotomy whereby ICP is gradually released (as opposed to rapidly released with standard decompressive craniectomy) during surgery. Controlled decompression differs from traditional fast direct decompression in that it aims to minimize potential ischemia reperfusion injury and control or mitigate intraoperative acute encephalocele and postoperative cerebral infarction, thereby maximizing the protection of cerebral vascular and nerve function. Our department has used controlled decompression, specifically controlled ventricular drainage and controlled hematoma evacuation, to treat patients with severe traumatic head injury since March 2008. In this report, we describe the findings from a preliminary study comparing outcomes for patients treated with controlled decompressed and patients treated with conventional decompression craniectomy. We hypothesized that patients who received treatment with controlled decompression would have better postoperative outcomes.
METHodS

Participants
Patients with severe head injuries who were treated in our hospital from March 2008 to September 2009 were considered for inclusion in the study.
The diagnostic criterion of severe head injury was based on Glasgow Coma Scale (GCS) scores, where a score from 3 to 8 points indicated severe head injury. The inclusion criteria were: (1) A tendency of developing delayed intracranial hematoma. For example, patients with multiple intracranial hematomas or contralateral subdural hematomas, or patients with intracranial hematoma caused by contrecoup injury (with bone fracture at the site of impact) who required craniotomy; (2) Preoperative diffuse brain swelling or local brain swelling; (3) Large volume preoperative hematoma (≥ 50 mL) and obvious compression of the brain tissue (deviation from the midline > 1 cm); (4) Extended (> 2 hours) unilateral pupil dilation (≥ 3 mm diameter, delayed or no response to light); (5) Bilateral dilated pupils. The exclusion criteria were: (1) Severe multiple injuries (in particular, severe thoracic and abdominal cavity injuries); (2) Definite primary brainstem reduced. The rate of decline in the ICP was 10 to 15 mmHg per 10 min. When the ICP was below 10 mmHg, and there were no signs of brain tissue bulging, the dura was completely opened and suspended. The hematoma was then quickly removed and hemostasis was performed as necessary. The skull was closed using standard procedures. During the following surgical process, fluctuations in ICP should be carefully monitored. If the ICP initially decreases before gradually increasing, or gradual bulging of the brain tissue from the fenestration is observed, special attention should be paid for the possible occurrence of delayed hematoma, cerebral infarction, or brain swelling.
Conventional Craniectomy
Conventional craniectomy was performed using standard operative procedures (12) . ICP was released rapidly and completely. Note: patients in this group did not undergo ventricular drainage before craniectomy.
Postoperative Treatment and Monitoring
Postoperative treatments were the same for patients in both groups. An ICP sensor was routinely used to monitor ICP after surgery (the sensor was typically removed approximately 1 week after surgery). No additional internal decompression was performed after hematoma removal. Hypothermia therapy was performed for 3 to 5 days for patients who had a postoperative GCS score ≤ 5. Head CT was routinely performed after surgery.
Operative Safety and Postoperative Outcome Assessment
Operative safety was assessed by comparing the occurrence of delayed hematoma, acute brain swelling, and cerebral infarction between the two groups. Delayed hematoma was indicated when intracranial hematoma was not detected in the initial CT scan, but was detected in a subsequent scan. Acute brain swelling was indicated by brain tissue bulging from the bone defect area because of an acute increase in ICP during surgery. Cerebral infarction, diagnosed by CT, was defined as an ischemic brain lesion, which was caused by microcirculation obstruction, cerebral vasospasm, or vascular injury after cranial injury. On CT, cerebral infraction was indicated by abnormal hypodensities in regions of arterial blood supply with clear margins. In contrast, cerebral contusion was indicated by areas of heterogenous densities in the affected region. Where necessary, CT angiography was performed to confirm the diagnosis of cerebral infarction.
Postoperative outcome was assessed by measuring GOS scores 6 months after injury via telephone consultation or face-to-face interview. This scale measures social outcome, which has been defined as the net effect of all separate disabilities on functioning as a person, including dependency on others (9) . The severity of disability is rated and classified into the following 5 levels: Good recovery (5) : Patients resume normal life and live independently, but mild neurological or pathological defects might be present. Moderate disability (4):
Patients can take care of themselves, take public transportation, do some work, or study in specialized environments or in specialized institutions. Severe disability (3) : Patients cannot take care of themselves and require the help of others. They have severe mental and physical disabilities, but they are conscious. Persistent vegetative state (2) : Patients are in a long-term coma. They can have opened eyes or peripherally opened eyes. They are awake, but the cerebral cortex has no function, showing a decortical state or decerebrate rigidity.
Death (1).
Statistical Analysis
Quantitative data on patient demographics, clinical outcomes, and safety issues are presented as mean ± standard deviation for continuous variables and number (%) for categorical variables. Data for the two treatment groups were compared using independent two-sample t-test for continuous variables and the Chi-square test or Fisher's exact test used for categorical variables. GOS scores were compared by the Mann-Whitney U test. Statistical assessments were considered significant when p < 0.05. Statistical analyses were performed using SPSS 15.0 statistical software (SPSS Inc, Chicago, IL).
RESulTS
There were over 320 patients with severe head injuries treated in our hospital from March 2008 to September 2009. A total of 128 patients met the study inclusion criteria and were enrolled in this study. Of these patients 64 (50 men and 14 women) underwent controlled decompression and 64 (58 men and 6 women) underwent decompressive craniotomy.
Demographic and Clinical Data
The patients' demographics before surgery, the cause of injury, mydriasis status, and the initial GCS score for the two groups were summarized (Table I ). The only significant between group difference in these characteristics was in the GCS score; the GCS score was higher in the decompressive craniotomy group compared with the controlled decompression group (P = 0.042).
Clinical Outcomes
There were no significant differences in postoperative ICP or GOS classification between the two groups (Table II) . According to the GOS classification, a higher percentage of patients in the controlled decompression group (53.1%, 34/64) had good recovery compared with patients in the decompressive craniotomy group (35.9%, 23/64). Twentythree (35.9%) patients in the decompressive craniotomy group and 15 (23.4%) patients in the controlled decompression group died during the study. Figure 1 shows representative examples of pre-and postoperative CT images of one 40-year-old male patient who received controlled decompression. This patient had a deceleration injury with left-sided superacute subdural hematoma and right occipital fracture caused by a right occipital impact force ( Figure 1A, B) . After the surgery, delayed epidural hema-
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Operative Safety
The incidence of acute brain swelling was significantly higher in the decompressive craniotomy group compared with the controlled decompression group (Table III, 26 .6% vs 9.4%, P = 0.011). There were no significant between group differences toma was observed initially (red arrows, Figure 1C,D) . This did not cause intraoperative acute encephalocele. The ventricular system returned to normal after removal of the right occipital epidural hematoma ( Figure 1E , F). * Indicates a statistically significant between groups difference (P < 0.05).
in the incidence of delayed hematoma or postoperative cerebral infarction. The incidence of intraoperative acute encephalocele was 23.1% among the 13 patients who had delayed hematoma in the controlled decompression group and 61.1% among the 18 patients who had delayed hematoma in the decompressive craniotomy group. The difference was not statistically significant.
control or mitigate intraoperative acute encephalocele and postoperative cerebral infarction by reducing the incidence of delayed hematoma, alleviating ischemia reperfusion injury, and reducing vascular endothelial injury. These possibilities warrant investigation in future studies.
In our study, the incidence of delayed hematoma was 28.1% in the decompression craniectomy group and only 20.3% in the controlled decompression group. Therefore, the incidence in the controlled decompression group was 7.8% less than that in the decompression craniectomy group. More importantly, intraoperative acute encephalocele only occurred in 23.1% of patients who experienced delayed hematoma in the controlled decompression group (the corresponding percentage in the decompression craniectomy group was 61.1%). These encouraging findings suggest that controlled decompression may have helped prevent the development of delayed hematoma, providing valuable time for dealing with hemorrhage at the surgical site and reducing the shift of the brainstem and the incidence of intraoperative acute encephalocele.
We found that the incidence of postoperative cerebral infarction was higher (20.3%) in the decompression craniectomy group compared with the controlled decompression group (12.5%). We suggest that this may reflect alleviated ischemic reperfusion injury with controlled decompression and consequent gradual recovery of cerebral blood flow. This difference, however, did not attain statistical significance, perhaps reflecting the relatively small number of patients in the study. Additional studies involving a larger number of patients are needed to confirm and extend our findings.
The main concern with using controlled decompression is whether the speed of decompression is adequate. If the speed of decompression is decreased, the duration of cerebral compression and ischemia will be extended. To address this issue, with placement of a ventricular probe, we reduce ICP by gradually releasing cerebrospinal fluid when the pressure is greater than 40 mmHg. In cases where a brain tissue probe is used, we drill the initial hole at the hematoma so that the ICP is gradually reduced with removal of the hematoma. Using these approaches, the speed of ICP reduction with controlled decompression is not affected, and ICP can be reduced as quickly as possible.
Our study is limited by the relatively small number of patients in each group, which reduced statistical power. It must be noted, however, that this was a preliminary study. We suggest that similar, larger scale, better controlled studies are warranted given the encouraging results of our study.
ConCluSIon
In summary, we found that that the incidence of intraoperative acute brain swelling was significantly lower in patients with severe head injury who received controlled decompression as opposed to conventional decompression craniectomy. Although we were not able to demonstrate statistical significance, a numerically higher proportion of
dISCuSSIon
In this preliminary study, we assessed the benefits of controlled decompression surgery for patients with severe head injury. We compared a group of patients who underwent controlled decompression (controlled ventricular drainage and controlled hematoma evacuation) with a group of patients from the same hospital (but different units) who were treated with conventional decompression craniectomy. Our main finding was that the incidence of intraoperative acute brain swelling was significantly lower in the controlled decompression group compared with the conventional decompression craniectomy group, despite the fact that patients in the controlled decompression group had significantly lower preoperative GCS scores (indicating more severe brain damage). We also found that 53.1% of the patients in the controlled decompression group had a good outcome compared with only 35.9% in the conventional decompression craniectomy group. Further, 23.4% of patients in the controlled decompression group died compared with 35.9% of patients in the conventional decompression craniectomy group.
The proportion of patients in our controlled decompression group who had a good recovery (53.1%) is within the range (40% to 71%) reported in the literature for patients with severe head injury who were treated with decompression craniectomy (1,2,4,13). The proportion of patients who died in our controlled decompression group (25.4%) is also within the range (14% to 54%) reported in the literature for decompression craniectomy (1,2,4,13).
There are a variety of causes of intraoperative brain swelling and acute encephalocele, and postoperative cerebral infarction in patients with severe head injury. For example, cerebrovascular regulation disorder may cause diffuse brain swelling, and progressed cerebral contusion may cause deterioration of cerebral edema (11, 15) . Several cases of contralateral epidural hematoma during decompressive surgery for acute epidural hematomas have been reported (5,10,11). Su et al. described the cases of 12 patients who developed contralateral epidural hematomas after decompressive surgery for acute subdural hematomas (17) . In a study performed by Fukamachi et al., 13 of 15 patients who underwent CT within 6 hours of traumatic head injury had extradural hematomas that were not detected until repeat CT examination (6) . Based on clinical practice, we believe that rapid decompressionassociated formation of delayed hematoma and diffuse brain swelling are also important causes of intraoperative acute encephalocele (5, 6, 10) . When an intracranial space-occupying hematoma is removed rapidly, we suggest that blood vessels that are not bleeding may rupture and bleed due to the filling pressure effect, thereby resulting in a brain tissue shift. Such a brain tissue shift may snap the blood vessels and aggravate hemorrhage, contributing to a vicious circle of bleeding. In addition, rapid decompression may lead to rapid expansion of compressed cerebral vessels, which in turn may cause reperfusion injury. Controlled decompression may
